, but it did not delineate whether these neural activities were specifically attributed to vocal production or if they may result from other nonvocal motor activity such as orofacial motor movement. In the present study, we attempted to resolve these issues and examined single neuron activities in premotor cortex during natural vocal exchanges in the common marmoset (Callithrix jacchus), a highly vocal New World primate. Neural activation and suppression were observed both before and during self-initiated vocal production. Furthermore, by comparing neural activities between self-initiated vocal production and nonvocal orofacial motor movement, we identified a subpopulation of neurons in marmoset premotor cortex that was activated or suppressed by vocal production, but not by orofacial movement. These findings provide clear evidence of the premotor cortex's involvement in self-initiated vocal production in natural vocal behaviors of a New World primate.
Introduction
The neural substrates of speech production are believed to lie in distributed circuits in the frontal cortex of humans (Penfield and Roberts, 1959; Korzeniewska et al., 2011; Hickok, 2012; Bouchard et al., 2013; Chang et al., 2013; Behroozmand et al., 2015) . However, it has remained uncertain whether the frontal cortex plays a similar role as humans in vocal communication in nonhuman primates. The primary animal models that have been used to study questions related to vocal control and learning at the single neuron level are songbirds because of their rich vocal behaviors that are readily observable in laboratory conditions (Doupe and Kuhl, 1999) . There has been a paucity of studies in nonhuman primates on vocal production mechanisms, which is in large part due to technical difficulties in studying single neuron activity in vocalizing monkeys. Unlike songbirds, commonly used nonhuman species such as macaque monkeys vocalize little in captivity, especially when their body is restrained (often required for neurophysiological recordings). In some previous experiments, the investigators choose to train monkeys to vocalize on foods and other rewards (Coudé et al., 2011; Hage and Nieder, 2013) . Although such approaches may allow an experimenter to elicit vocalizations from an animal, it leaves open questions on how much the neural signals observed are related to communicative behaviors as opposed to a learned association with rewards, therefore making interpretation of the frontal cortex data difficult.
Studies in nonhuman primates in the past several decades have provided conflicting results. For example, early studies showed that electrical stimulation of squirrel monkey's frontal cortex did not elicit vocalizations (Jürgens and Ploog, 1970) and lesions in macaque monkey frontal cortex had no effects on conditioned vocalizations (Sutton et al., 1974) . More recently, neural recording studies in macaque monkeys showed increased prevocal activities in prefrontal and premotor cortex before conditioned, but not animal-initiated, vocalizations (Coudé et al., 2011; Hage and Nieder, 2013) . The reward and conditioning paradigm used in these experiments complicated interpretations of the observations because the neural activity in frontal cortex has been shown to be susceptible to behavioral modifications (Kalaska et al., 1997; Brasted and Wise, 2004) .
In recent years, a highly vocal New World primate, the common marmoset (Callithrix jacchus), has emerged as a promising model for studying these questions. Marmosets have a rich vocal repertoire and maintain frequent vocal exchanges among conspecifics even in captivity (Epple, 1968; DiMattina and Wang, 2006; Miller and Wang, 2006; Agamaite et al., 2015) . Studies of immediate early gene expression suggested frontal cortex activities in marmosets during vocal production (Miller et al., 2010a; Simões et al., 2010) . A recent neurophysiological study of marmoset frontal cortex observed motor-related changes in neural activity when animals engaged in antiphonal calling behaviors (Miller et al., 2015) , but this study did not attempt to delineate whether these neural activities were specific to vocal production or if they may result from other nonvocal motor movements that involve similar motor end organs (e.g., orofacial movement).
In the present study, we used chronically implanted multielectrode arrays (Eliades and Wang, 2008a ) and a wireless neural recording system (Roy and Wang, 2012 ) developed in our laboratory to study single neuron activity in the frontal cortex of marmosets while they roamed freely in recording cages and engaged in the antiphonal calling behavior (see Materials and Methods) . A substantial number of neurons in premotor cortex were found to have either increased or decreased activities before or during vocal production. Furthermore, by using a licking behavior as a control for nonvocal orofacial movements, we were able to identify a subset of those neurons with activities associated exclusively with vocalization but not orofacial movement, as well as neurons showing different levels of activities to vocalization and orofacial movement. Our results provide clear evidence of the premotor cortex's involvement in vocal production during natural vocal behaviors in marmosets and suggest possible roles of frontal cortex in natural vocal communication.
Materials and Methods
Study design. The present study took advantages of behavioral and neural recording techniques that we have pioneered in the past two decades to study behavioral and neurophysiological mechanisms underlying perception, production, and vocal communication in marmosets, as well as the extensive knowledge that we have accumulated on the marmoset's vocal repertoire and behaviors (Miller and Wang, 2006; Pistorio et al., 2006; DiMattina and Wang, 2006; Roy et al., 2011; Agamaite et al., 2015) . The animals used in this study were born and raised in a breeding colony that we have maintained at Johns University School of Medicine since 1996. This study overcame three technical challenges in this line of research: (1) the ability to induce and observe repeatable natural vocal behaviors without subjecting marmosets to behavioral training in tasks involving in nonvocal motor behaviors (e.g., limb movement) and food rewards, which was achieved by developing the antiphonal calling vocal behavior in the laboratory condition (Miller and Wang, 2006; Miller et al., 2009 Miller et al., , 2010b ; (2) the ability to record chronically single neuron activity over a long period of time and in populations of neurons in the premotor cortex (Eliades and Wang, 2008a, 2008b) ; and (3) the ability to conduct neural recordings in freely roaming and naturally vocalizing marmosets via wireless neural recording techniques (Roy and Wang, 2012) . With these technical advancements, it became possible to investigate neural mechanisms underlying natural vocal behaviors in freely moving and vocalizing marmosets. Some of the above-mentioned techniques have been used in a recent study of the vocalization-related activity in the front cortex of marmosets by Miller et al. (2015) . In the following sections, we explain details of the reported experiments.
Vocal production behavioral experiments. Marmosets frequently exchange "phee" calls, a long-distance contact call, in the wild or in captive colonies to identify themselves and to maintain contact. This vocal behavior is known as antiphonal calling (Miller and Wang, 2006) . In previous studies, we showed that this behavior can be induced and observed in laboratory conditions Wang, 2006, Miller et al., 2010b) . In these experiments, a pair of marmosets was placed in two cages located on the two sides of the recording chamber and visually occluded by a curtain in the middle (Fig. 1A ). Under such a condition, marmosets displayed the antiphonal calling behavior (Miller and Wang, 2006) . Alternatively, a "virtual conspecific" (a computer-controlled, automated playback program) was used to replace one of the two animals to induce the antiphonal calling behavior in the other animal ( Fig. 1 A, B; Miller et al., 2009) . We have shown that this playback system can induce the antiphonal calling behavior similar to that observed when two marmosets are engaged in vocal exchanges (Miller et al., 2009) . We used this method in the present study to allow a better experimental control of the vocal production while conducting neural recordings. No other types of behavioral conditioning and training nor any food rewards were used to evoke vocalizations in these experiments. On a typical recording session, a marmoset (chronically implanted with a multichannel electrode array coupled with a wireless transmitter) was brought to the recording chamber from the breeding colony, engaged in antiphonal calling behavior with the computer-controlled "virtual conspecific," and returned to its home cage after the recording experiment completed.
During a typical experiment session (ϳ45-90 min), after the experimental subject initiated a phee call, the virtual conspecific computer program played a phee call from a collection of prerecorded phees of another marmoset from our colony with a random delay between 1 and 5 s based on the statistics of the latency of natural antiphonal responses (Miller et al., 2010b) . If the subject did not vocalize after a predetermined time period, the program would deliver another prerecorded phee call of that same marmoset with a certain delay based on the statistics of the time intervals between spontaneously produced phee calls (Miller et al., 2009) . Playback vocalizations were delivered through a speaker amplifier (D-75A; Crown Audio) and a loudspeaker (M80; Cambridge Soundworks) located away from the subject and visually blocked by a cloth occluder.
In some of the experiment sessions, there was no virtual conspecific in the recording room and the subject spontaneously vocalized phee calls by itself. We refer to these sessions as "vocal alone" sessions and the antiphonal calling sessions described above as "vocal exchange" sessions. When the two sessions were recorded with same neurons, the vocal alone session was always conducted before the vocal exchange session. For the analysis in the vocal production condition, we grouped all calls (and corresponding neural responses) from the two types of sessions together (keeping their temporal order) and refer them as self-initiated calls. Prerecorded vocalizations used by the virtual conspecific computer program were used to evaluate the sensory responses of premotor neurons in the playback condition.
To control for motor movements generated by mouth and other organs in the absence of vocal production, we tested the experimental subject with a licking behavior in some sessions. For the licking behavior, a plastic feeding tube was inserted through a hole on the recording cage wall to deliver liquid food (a mixture of rice cereal, Similac, and strawberry flavor). The experimental subject (having ad libitum access to food within their home cages) came to the feeding tube spontaneously to receive liquid food. A custom-made lick detector was used to register the licking behavior when an infrared beam from the detector was interrupted by tongue and jaw movements (Remington et al., 2012) . The duration of the liquid food delivery was controlled such that the licking behavior lasted approximately the average duration of a single-phrase phee call (1-2 s).
As described above, there were three experimental conditions in this study: (1) vocal production, in which a marmoset engaged in selfinitiated calling; (2) playback, in which prerecorded marmoset phee calls were played to a marmoset (this is a control condition to test whether a neuron shows responses to the auditory input in the absence of vocal production); and (3) orofacial movement (licking), in which a marmoset licked liquid foods through a plastic feeding tube. This licking behavior was used as a control condition because it generated mouth movement but without vocal production. Licking involves similar musculature (e.g., The custom-built chamber was designed to isolate electromagnetic wave transmission and reflection, attenuate external sounds, and reduce internal sound reflection (Roy and Wang, 2012) . In the vocal production condition, an experimental subject was placed in a plastic cage shown on the left side of the chamber. A wireless headstage (HS) was mounted on top of the subject's head and connected to an electrode array in the premotor cortex. A receiver (Rx) for the wireless system was placed above the cage. The subject's vocalizations were recorded by a microphone in front of the cage. During antiphonal calling behavior, a virtual conspecific was configured on the right side of the chamber. It replaced a real marmoset by a computer-controlled playback system and engaged the experimental subject in vocal exchanges (Miller et al., 2009) . B, Computer algorithm controlling the virtual conspecific (Miller and Wang 2006; Miller et al., 2009) . Once a phee call from the experimental subject was detected, a prerecorded phee of another marmoset in our colony was presented by the playback system with a delay (1-5 s, according to the statistics of antiphonal calling delays between pairs of marmosets). If there was no response from the experimental subject, another prerecorded phee was presented after a second delay (up to 60 s, according to the statistics of the time intervals between spontaneously produced phee calls). C, Spectrogram showing a series of antiphonal phee exchanges. In this example, the experimental subject made single-phrase phee calls and the virtual conspecific delivered two-phrase phee calls. D, Estimated electrode coverage areas for the three hemispheres (with Brodmann's areas marked accordingly). The area between 6DC and 6Va is 8C. The colored square is aligned with the outermost electrodes of the array. Locations of electrode arrays are estimated based on histology (6207A) and geometric measurements on the skull surface during implantation (with respect to the lateral sulcus) with a comparison with the marmoset brain atlas (Paxinos et al., 2012) . Scale bar, 5 mm. The turquoise arrow indicates the approximate location of the example section in E. LH, left hemisphere; RH, Right hemisphere. E, Coronal sections from 6207A right hemisphere with cytochrome oxidase stain. Top, Example section marked with cortical regions (border indicated with arrowheads) and electrode locations (asterisks). The approximate location of the section with respect to the brain on the rostral-caudal axis is indicated by a turquoise arrow in D. Bottom, Series of sections from the frontal brain of 6207A with the border of the electrode coverage area marked (dashed line). D-V, Dorsal-ventral; C-R, caudal-rostral.
jaw, tongue) that is used in vocal production. All three conditions were tested within a day for each neuron.
Marmoset vocalizations were recorded by directional microphones (ME66; Sennheiser) and synchronized with neural recordings. Acoustic signals were amplified (Model 302 dual microphone preamp; Symmetrix) and then digitized at 50 kHz with a data acquisition card (PCI-6052E; National Instruments) on the same computer used for neural recording.
Animal preparation and neural recording. Two adult marmosets (35U and 6207A, both female) were implanted with 16-channel multielectrode arrays (Eliades and Wang, 2008a; Warp-16; Neuralynx), including both hemispheres of marmoset 35U and the right hemisphere of marmoset 6207A. Details about the array implantation and the recording techniques have been described previously (Eliades and Wang, 2008a; Roy and Wang, 2012) . Briefly, marmosets were implanted with a head cap using standard surgical procedures (Lu et al., 2001) . A craniotomy was performed above the premotor cortex of marmosets, identified by anatomical landmarks with respect to the lateral sulcus (Burish et al., 2008; Burman et al., 2008) . The array was sealed by SILASTIC (QWIK-SIL; WPI) and fixed to the skull with dental acrylic. Each array housed 16 tungsten electrodes (impedances 2-5 M⍀; FHC), each of which was individually movable by a pushing device (Neuralynx; Eliades and Wang, 2008a) . This movability helped to optimize recorded signals and allowed the search for single neurons in each electrode. All experimental procedures were approved by the Johns Hopkins University Animal Care and Use Committee in compliance with the guidelines of the National Institutes of Health.
Neural signals were transmitted by a wireless head stage (W16; Triangle Biosystems) connected to the electrode array, mounted on top of the marmoset's head, and protected by a polycarbonate cap (Roy and Wang, 2012) . The array (ϳ1 g), wireless head stage (ϳ4 g), and protection cap (ϳ7 g) were relatively lightweight and did not interfere with marmosets' vocalizations or movements. Recordings were performed in a custombuilt RF/EMI and acoustic shielded chambers (6 ϫ 3.7 ϫ 2.4 m; Fig. 1A ), which reduces interference of the wireless recording and attenuates unwanted acoustic noises (Roy and Wang, 2012) . The marmoset moved freely in a Plexiglas cage with nylon mesh walls (60 ϫ 41 ϫ 30 cm) with the receiver of the wireless neural recording system located above it.
Raw neural signals were band-pass filtered (300 -6000 Hz) and amplified by the wireless head stage and preamplifiers Neuralynx) and then digitized at 20 kHz sampling rate with a data acquisition card (PCI-6071E; National Instruments) on a computer. A custom-written Matlab program was used to acquire, view, and store the data. To synchronize recordings of vocalizations and neural signals in the two data acquisition cards (PCI-6052E and PCI-6071E), a periodic pulse train (every 2 s) was sent to both cards and logged as an additional channel in both vocal and neural recording data files. After finishing all recording sessions at a particular recording depth(s), electrodes were advanced to deeper locations to search for new units.
At the end of all experiments, electrolytic lesions were made by passing a small current through a subset of the recording electrodes (10 A, 10 s). The animals were anesthetized with ketamine and then killed by an injection of pentobarbital sodium. Perfusion was done transcardially with phosphate-buffered solution and 4% paraformaldehyde. Marmoset 6207A's brain was sectioned in coronal plane and stained for cytochrome oxidase. Images of the stained sections were acquired and processed by a Neurolucida system. Data analysis. Spikes were sorted offline based on a template matching method by a multichannel sorting program written in Matlab (Eliades and Wang, 2008a; Roy and Wang, 2012) . In brief, the initial spike detection thresholds were set at least twice as large as the SD of the background noise. Spike templates were first created by two manually adjusted timevoltage windows and then calculated by averaging spike waveforms passing through these two windows to generate a 12-point template. The templates were then fixed and used to extract spike waveforms and timestamps. Single units were classified as those with signal-to-noise ratio Ͼ13 dB and a percentage of interspike interval Ͻ1 ms being smaller than 1%. Units on the same electrode from the same day's sessions were considered to be the same units.
Vocalizations were detected in the recording data files using a bandlimited energy detection algorithm and verified manually. Timing of vocalizations and spikes were adjusted and synchronized according to the periodic pulse trains logged in both recording files to eliminate potential clock drift on the two data acquisition cards.
To analyze single unit activities in each experimental condition (vocal production, playback, and orofacial movement), spike timing was aligned with the onset of vocal production, the playback of vocalizations, or licking (i.e., event onset). Firing rates were calculated using 100 ms bins. Four analysis windows were used to characterize activities in different experimental conditions (time relative to event onset): [Ϫ2.5, Ϫ0.5] sec (spontaneous activity), [Ϫ0.5, 0] sec (pre-event activity), [0, 1.0] sec (activity after event onset), and [Ϫ0.3, 0.3] sec (activity around event onset), referred to as the spont-, pre-, post-, and peri-windows, respectively (Fig. 2 B, D,F ) . Neurons are excluded from analysis if there were Ͻ10 events in any of the experimental conditions.
For vocal production or orofacial movement, a neuron was determined to have vocalization-or orofacial-movement-related activities if firing rates were significantly different in one or more of the pre-, post-, and peri-windows compared with the spont-window. For playback of vocalizations, a neuron's response was compared between the post-and spont-windows. Wilcoxon's signed-rank test was used for comparison of neural activities between different analysis windows. Significance was determined if p Ͻ 0.05. For comparisons of each neuron's activity between experimental conditions, data used in analysis were collected within a single day.
We used z-scores to normalize firing rates and generate population average of neural activities. Firing rates were first subtracted by the mean firing rate in the spont-window and then divided by the SD of the firing rate in the spont-window. Using z-score enabled the comparison of neural responses under the three different experimental conditions across single neurons with different spontaneous firing rates. For population analysis regarding average activity across neurons, data were from multiple days.
Results
Characterization of neural activities in premotor cortex associated with vocal production Neural activities in premotor cortex were studied in three hemispheres of two marmosets while the subjects produced selfinitiated vocalizations (Fig. 1 A, B ; see Materials and Methods). Figure 1C shows the spectrogram of exemplar phee calls from one antiphonal calling session. Each phee vocalization is composed of 1-4 phrases. Phees from the experimental subject in Figure 1C had only one phrase and phees from the virtual conspecific (playback) had two phrases. In all cases, the animals vocalized voluntarily without any food or other rewards and were not conditioned by any motor tasks. The experimental subject was chronically implanted with a 16-channel, individually movable electrode array coupled with a wireless head stage (see details in the Materials and Methods). Neurophysiological recordings were made from the frontal cortex of marmosets while the animals vocalized within a custom-built RF/EMI and acoustic isolation chamber (Fig. 1A ) using techniques developed in our laboratory (Eliades and Wang, 2008a; Roy and Wang, 2012) .
To distinguish neural activities specifically or exclusively related to vocal production from those associated with sensory responses or orofacial movements (without vocal production), we also studied the activities of the same neuron in two control conditions: during playbacks of marmoset vocalizations and while animals were engaged in a licking behavior (to generate orofacial movements without vocal production). The three experimental conditions are referred to as vocal production, playback, and orofacial movement, respectively. In total, 606 single neurons were recorded in the vocal production condition. Table 1 lists the number of neurons from each hemisphere under each experi-mental condition during which multiple trials were recorded in each neuron. The recording sites most likely span the dorsal premotor area (BA6D) and also covered a small portion of the primary motor area (BA4) and part of area BA8C and BA6V (Fig.  1 D, E each call. Figure 2 shows firing patterns of several example neurons recorded in the vocal production condition that had significant activity within any of the pre-, post-, and peri-windows (compared with spont-window, see Materials and Methods). For the neuron shown in Figure 2A , a total of 115 calls were made by the subject (6207A). In the early period of the session, the subject mostly made two-phrase phee calls and toward the end it made more single-phrase phees. More spikes occurred before vocal onset compared with those within the spont-window ( Fig. 2A) .
Other examples show a variety of responses, including suppression in the post-window (Fig. 2B) , activation in the peri-window (Fig. 2C) , suppression in the pre-window plus activation in the post-window (Fig. 2D) , and activation in both pre-and postwindows (Fig. 2F ) . Figure 2E shows a subset of data from Figure  2D with only single-phrase phee calls. Figure 3 shows populationaveraged normalized firing rates of neurons with different types of modulations (activation, no modulation, or suppression) in the pre-and post-window. Of 606 neurons recorded in the vocal production condition, 43.6% (264/606) showed responses (activation or suppression) in the pre-and/or post-window (Wilcoxon signed-rank test, p Ͻ 0.05, similarly hereafter). Before vocal onset ( pre-window), 68 neurons showed activation (Fig. 3A) and 84 neurons showed suppression (Fig. 3E ) regardless of modulation type after vocal onset ( post-window). During vocal production ( post-window), 56 neurons showed activation (Fig. 3B ) and 130 neurons showed suppression (Fig. 3F ) regardless of modulation type before vocal onset ( pre-window). Of the entire population, ϳ50.2% (304/606) showed vocalization-related activities (any modulation in one or more of the three analysis windows: pre-, post-, and peri-windows). A subset of these neurons (78/304 or 25.7%, including 37 for activation and 41 for suppression) showed modulation only in the pre-window, but not in the post-window.
A previous study reported sensory responses to acoustic stimulation in premotor cortex of macaque monkeys (Graziano et al., 1999) . To sort out whether there was a sensory component in the neural activities that we observed during vocalizations, we recorded neural firing when a marmoset heard playbacks of phee calls from the virtual conspecific in a subset of neuron samples (395/606). Only 19 neurons showed significant activities during playback of vocalizations (comparing activities between the postand spont-windows) regardless of whether they have activities in vocal production condition. We will exclude the neurons with playback activities in further analysis delineating motor-related activities.
Delineation of neuronal functions for vocal production and orofacial movement
A major question that we asked in the present study was whether the observed vocalization-related activities were associated exclusively with vocal production or if they were also involved in other nonvocal motor outputs as well. To investigate this, we engaged marmosets in a licking behavior in which they licked for food from a feeding tube because mouth movement was most directly linked to vocal production. Similar mouth, facial, and laryngeal muscles are presumably involved in the licking and swallowing movement as in vocal production. We recorded single neuron's responses during licking behavior (to be referred to as the orofacial movement condition) in two hemispheres (marmosets 35U right hemisphere, 6207A right hemisphere; Fig. 4, Table 1 ) and compared them with those recorded in vocal production condition. Orofacial-movement-related activities are defined as either activation or suppression or both in one or more of the three analysis windows ( pre-, post-, or peri-windows) in the orofacial movement condition compared with the spont-window. When contrasted to orofacial movement, single neurons activities are expected to fall into one of the following types: (1) those modulated by vocal production only (referred to as "vocal-only" neurons), (2) those modulated by both vocal production and orofacial movement (referred to as "vocal-orofacial" neurons); (3) those modulated by orofacial movement only (referred to as "orofacial-only" neurons); and (4) those with no modulation in either condition. Indeed, we found subsets of neurons in all four categories and illustrate these scenarios in Figure 4A . Of the 267 neurons that we tested in the vocal production, playback, and orofacial movement conditions, 255 neurons (95.5%) had no playback activity (Fig. 4A ). Among these 255 neurons, 23 neurons (9.0%) showed modulated activities only in the vocal production condition (vocal-only neurons), 138 neurons (54.1%) showed modulated activities in both vocal production and orofacial movement conditions (vocal-orofacial neurons), and 73 neurons (28.6%) showed modulated activities only in the orofacial movement condition (orofacial-only neurons). The rest of the 21 neurons (8.2%) showed no modulated activities. The firing patterns of the four neuronal categories are described below.
Vocal-only neurons may be considered as the candidate neurons responsible for initiating and controlling vocal productions because their activities are specific to vocal production. Figure 5 shows population-averaged normalized firing rates of the vocalonly neurons in each experimental condition. One-third of these neurons showed activation (Fig. 5A ) and two-thirds showed suppression (Fig. 5B) in the vocal production condition, but they did not show modulated activities in the orofacial movement condition (Fig. 5C,D) or in the playback condition (Fig. 5 E, F ) . Many more neurons showed modulated activities in both the vocal production and orofacial movement conditions. Figure 6A illustrates a neuron with significant orofacial-movement-related activities. This neuron showed increased firing while the animal was licking. Figure 6B shows population-averaged normalized firing rates of the vocal-orofacial neurons. Because this group of neurons showed modulated activities in both the vocal production (Fig. 6B, top) and orofacial movement (Fig. 6B, bottom) conditions, their role in vocal production cannot be specifically determined with these observations. Because the execution of vocal production and other orofacial movement engage similar musculature and the corresponding control signals likely arise from shared neural circuits, it is not surprising that a large proportion of neurons fell into this category. Finally, Figure 6C shows population-averaged normalized firing rates of the orofacialonly neurons, which are likely not involved in vocal production. The data shown in Figures 5 and 6 illustrate the importance of evaluating neural activity in both the vocal production and orofacial movement conditions, which has not been shown in previous studies. The vocal-orofacial neurons represent about half of neurons within the four categories (Fig. 4A ), but they may not be a homogeneous population. To further delineate potential roles of vocal-orofacial neurons in vocal production, we compared the activities between vocal production and orofacial movement conditions for each neuron in this category (Fig. 7,  green markers) . Because whenever an animal vocalized, the action was always accompanied by orofacial movements, if the same network of neurons were responsible for generating vocalizations and orofacial movements, then one would expect that the activities of the vocal-orofacial neurons should be positively correlated between the vocal production and orofacial movement conditions (i.e., distributed on the upper right and lower left quadrants on the plots in Fig. 7 ). Because the exact muscles and their specific movements are likely different in these two behaviors, one would not expect a tight correlation along the diagonal line of these plots. However, if the vocalorofacial neurons were sampled from more than one neuronal networks that play different roles in generating vocalizations and orofacial movements (and other motor functions), then their activities should not be correlated between the vocal production and orofacial movement conditions (these appear scattered in Fig. 7) .
A close examination of Figure 7 shows that a subset of vocal-orofacial neurons exhibit correlated activities. However, as a whole (Fig. 7, green markers) , the activity in the vocal production condition cannot be predicted by the activity in the orofacial movement condition (r 2 ϭ 0.015, p ϭ 0.15 in Fig. 7A ; r 2 ϭ 0.023, p ϭ 0.07 in Fig. 7B ). Interestingly, there is a trend of more vocal activation of the vocal-orofacial neurons in the pre-window (Fig.  7A , 81 of 138 neurons, sign test p ϭ 0.050, Z ϭ 1.96, median z-score: 0.45), but vocal suppression occurred for the majority of neurons in this category in the post-window (Fig. 7B, 87 of 138, sign test p ϭ 0.0029, Z ϭ Ϫ2.98, median z-score: Ϫ0.61). In addition, orofacial activity of the vocal-orofacial neurons in the post-window is strongly biased toward activation (Fig. 7B, 108 of 138, sign test p ϭ 5.6 ϫ 10 Ϫ11 , Z ϭ 6.55, median z-score: 2.09). These data suggest that the premotor area of the marmosets is composed of multiple neuronal networks that are involved in generating various motor behaviors including vocal production. As expected, neurons categorized as vocal-only or orofacial-only only exhibit modulated activity along one axis when their activities in the vocal production and orofacial movement conditions are compared (Fig. 7) .
In Figure 4B , we overlaid the estimated locations of recording electrodes locations on the marmoset brain atlas (Paxinos et al., 2012 ) for the two hemispheres in which all three conditions were tested. The majority of electrodes are located in the premotor region (Brodmann's areas 6D, 6V, and 8C). A small subset of electrodes on the caudal side of the array is possibly located in the primary motor cortex (Brodmann's area 4) near the border between primary motor and premotor cortices (referred to as the border region). Based on Figure 4B , we calculated distributions of neurons in four response categories for the premotor region and border region, respectively. Forty-two of 255 neurons were recorded from the border region. The majority of neurons (213 of 255) were recorded from the premotor region, including 20 of 23 vocal-only neurons. Therefore, the major conclusions of this study regarding the premotor cortex are well supported by the data. Interestingly, as detailed in the legend to Figure 4 , there appear to be a noticeably greater proportion of orofacial-only neurons in the border region (38.1%, 16/42 neurons) than the premotor region (26.8%, 57/213 neurons) and a smaller proportion of "no modulation" neurons in the border region (2.4%, 1/42 neurons) than the premotor region (9.4%, 20/213 neurons). whereas midbrain structures such as periaqueductal gray are crucial for innate vocalizations (Jürgens and Ploog, 1970; Sutton et al., 1974; Jürgens, 2002) . These studies suggested that the frontal cortex of nonhuman primates is dispensable or at least not critical for vocal production, which stands in sharp contrast to the well documented critical role of human frontal cortex in speech production. A recent study suggested a "Broca's area" analog in macaques (Petrides et al., 2005) . Local field potential recordings suggested that premotor cortex of macaques is modulated during trained vocal production (Gemba et al., 1995 (Gemba et al., , 1999 . Two recent physiological studies in macaques showed vocalization-related activity (before or during vocal production) in the premotor and prefrontal cortices during conditioned but not self-initiated vocalizations (Coudé et al., 2011; Hage and Nieder, 2013) . In the study by Coudé et al. (2011) , vocalizations were elicited by food rewards, whereas in Hage and Nieder's (2013) study, macaques were trained to vocalize with a visual cue and rewarded with foods as well. The previous studies in Old World monkeys have provided useful information about possible roles of the prefrontal cortex in vocal production, but also raised questions as to whether the observed neural activity during conditioned or reward-elicited vocalizations was specifically associated with vocal communication. Because neural activity in the premotor areas is known to be plastic through adaptation and learning (Kalaska et al., 1997 (Kalaska et al., , 1998 Brasted and Wise, 2004; Schwartz et al., 2004) , it is not clear whether the observed neural activities in the studies by Coudé et al. (2011) and Hage and Nieder (2013) were specifically attributed to vocal production or induced by the association with cues and rewards. In fact, previous studies have demonstrated that neural representation of muscle activities were different when monkeys was freely moving versus performing a trained motor task (Jackson et al., 2007) . To address these questions, one needs to study cortical activities in animals that vocalize naturally in a communicative context such as the present study and a recent study by Miller et al. (2015) in which neural activity in the frontal cortex of marmosets were studied during antiphonal calling natural behaviors. The recording locations of Miller et al. (2015) study appeared more anterior than those in our study (cf. our Fig. 1D and Fig. 1C of Miller et al. (2015) ). The Miller et al. (2015) study reported 47.3% of 188 neurons of sampled neurons with activities related to vocal production (before or during vocalization). A similar proportion of neurons with such activities (modulation in the pre-or postwindow) were found in our study (43.6% of 606 neurons, see Results and Fig. 3) . A crucial step that we took in the present study was to compare a neuron's activities during natural vocal production and orofacial movements, which allowed us to delineate neural activities specifically associated with vocal production. We were able to identify 9.0% of neurons in our samples that were activated only by vocal production, but not by orofacial move-A B Figure 4 . Summary of neuron distributions in different experimental conditions and response categories. A, Total of 332 single neurons were tested in the vocal production condition from marmosets 35U right hemisphere and 6207A right hemisphere (Table 1) . A subset of these neurons (282/332) were also tested in the playback condition. A further subset of those neurons (267/282) were tested in the orofacial movement condition (licking), as illustrated by the Venn diagram. A total of 255 of the 267 neurons tested in all three conditions showed no responses to the playback vocalizations and were classified into four categories (vocal-only, vocal-orofacial, orofacial-only, and no modulation) . B, Estimated electrode locations (marked by red dots) of the arrays implanted on two hemispheres (top, 35U right hemisphere; bottom, 6207A right hemisphere) are overlaid on a published marmoset brain atlas (Paxinos et al., 2012) . Recordings were made from 15 of 16 electrodes in each array (one electrode in each array was used as the reference and is not marked). The number next to each red dot indicates the number of vocal-only neurons found at that electrode location (no number shown if none was found). Recording locations in premotor region are marked by green-shaded area and those in the border region are marked by yellow-shaded area. Of 255 neurons recorded from both hemispheres, 213 were from the premotor region and 42 were from the border region. The number of neurons in each of the four categories (vocal-only, vocal-orofacial, orofacial-only, and no modulation) are 20 (9.4%), 116 (54.5%), 57 (26.8%), and 20 (9.4%) for the premotor region and 3 (7.1%), 22 (52.4%), 16 (38.1%), and 1 (2.4%) for the border region, respectively.
Discussion

Comparison with previous studies
ments (Figs. 4, 5) . Our study provides for the first time clear evidence of vocal-only neurons in the premotor cortex of nonhuman primates. Although there could be species-specific differences in cortical organizations between New World and Old World monkeys, the different results between marmoset and macaque studies may result from fundamentally different behavior paradigms used in these studies. Due to technical difficulties in performing neural recordings from freely moving animals, the experiments in nonhuman primates conducted in the past ϳ40 years have almost exclusively been performed on chair-restrained animals. Such an approach has prevented studying vocalization-related neural activity in a communicative context. As a result, experimenters either used electrical stimulation (Jürgens and Ploog, 1970; Jür-gens, 1974; Jürgens, 1976; Jürgens and Zwirner, 2000) or behavioral training with food rewards (Coudé et al., 2011; Hage and Nieder, 2013) to induce vocalizations. Studies using smallbodied New World monkeys have overcome these obstacles by recording from freely moving animals during natural vocalizations (Grohrock et al., 1997; Eliades and Wang, 2008b; Roy and Wang, 2012; Miller et al., 2015) . In addition to the difference in behavioral paradigms, the difference in cortical regions studied may also contribute to the discrepancy between the present marmoset study (dorsal premotor cortex) and previous macaque studies (ventrolateral premotor and prefrontal cortex) by Coudé et al. (2011) and Hage and Nieder (2013).
Although we have demonstrated neural activities associated with vocal production, their relationships with muscle activities, as measured by EMG of related vocal organs, during vocalizing or licking behaviors have yet to be established. In addition, in the playback condition, prerecorded phee calls from other marmosets in our colony were used to evaluate a neuron's sensory responses. Although the acoustics of these phee calls are quantitatively different from those of the experimental subject (Miller et al., 2010b; Miller and Wren Thomas, 2012; Agamaite et al., 2015) , there has been no evidence to indicate that listening to an animal's own vocalization evokes significantly different neural responses than those evoked by other marmosets' vocalizations in auditory or frontal cortex other than the differences caused by the acoustics. In some other animal species, such as songbirds, playback of the animal's own songs evokes markedly different neural responses than those evoked by other animals' songs (Margoliash and Konishi, 1985) . The playback condition in the present study leaves open the question of whether a marmoset's own vocalizations would evoke fundamentally different sensory responses in the premotor cortex than those by vocalizations of conspecifics.
Potential roles of vocal-only and vocal-orofacial neurons in vocal production
One of the most interesting findings in this study is the discovery of vocal-only neurons in the premotor cortex of marmosets, which provides crucial evidence for the involvement of this cor- A B Figure 7 . Comparisons of the normalized firing rates (z-score) between vocal production and orofacial movement conditions. The comparisons are made for the four categories of neurons, respectively, as defined in Figure 4 in two analysis windows: pre-window (A) and post-window (B). y-axis is the vocal production condition; x-axis is the orofacial movement (licking) condition. A few data points with z-scores outside of the [Ϫ5,10] range are plotted on the border of the axes.
detailed motor plans for generating vocalizations should be partially activated during licking because both behaviors are accompanied by mouth and tongue movements, among other muscles. It is possible that a higher (more upstream) center for vocal control would contain a higher proportion of vocal-only neurons than that found in premotor cortex. We tested vocal production, playback, and orofacial movement conditions in recordings from two hemispheres. As shown in Figure 4B , the majority of electrodes were located within the premotor areas, but a small subset may fall into primary motor cortex. Because the four categories of neurons analyzed in our study were mostly from premotor areas (Fig. 4B) , future experiments are needed to determine how these categories vary between the premotor and primary motor cortices. Conversely, within motor cortices, somatotopic representations of orofacial regions are located in the ventral area (Burish et al., 2008; Burman et al., 2008 Burman et al., , 2015 . Our observations of vocal-only and vocal-orofacial neurons in dorsal premotor cortex suggest that vocalization related motor control may not be limited to the orofacial regions identified by electrical stimulation in anesthetized marmosets (Burish et al., 2008; Burman et al., 2008) . Future studies will further delineate functional differences between frontal regions.
The fact that the vocal-orofacial neurons represent a large proportion of sampled neurons suggests that the neuronal network in premotor or primary motor cortex controlling vocal production may be built upon or shared with neural structures controlling other orofacial movements engaging the same musculature. This finding has important implications for neural circuits underlying vocal control in the frontal cortex. Because it has been shown that motor control of individual muscles undergoes plasticity through development and adaptation, there is a potential of the flexibility in vocal control in marmosets. Furthermore, this finding suggests that vocal control is not directed by an exclusive or specialized circuit in the primate premotor cortex, unlike some brain structures for song production in songbirds (e.g., HVC, area X in zebra finch; Nottebohm and Arnold, 1976; Wade and Arnold, 2004) . The vocal control by the primate frontal cortex may follow general principles found in other modalities of motor control. It has been shown that, in human motor cortex, phonations of different phonemes evoke activation of certain motor cortical regions that map to articulators needed for that phonation (Bouchard et al., 2013; Bouchard and Chang, 2014; Conant et al., 2014) . Our findings suggest that neural foundation needed for flexible and precise vocal control may have a precursor in the brain of a New World primate, the common marmoset.
In contrast to motor cortex, recent human work suggested that Broca's area did not function directly for articulation but rather play a role in information transformation across cortical regions (Flinker et al., 2015) . We also found that, of all neurons with vocalizationrelated activities, a subset (25.7% of 304) had activities only before vocal onset (not during vocal production, see Results), with a similar time scale as the activities in Broca's areas in the human study (peaked within 0.5 s before articulation onset). Whether this subset of neurons function to transform information across cortical regions remains to be determined. The modulation of premotor cortex reported in this study suggests the role of this cortical region in vocal production in marmosets during vocal communication. Future investigations using activation or inactivation methods (electrical, optical, or pharmacological techniques) can help to identify whether there exists a causal relationship between the premotor cortex and vocal production in marmosets. More experiments are also needed to determine whether activities of the premotor neurons encode different types of vocalizations or acoustic features of vocalizations.
